A novel method for favored primary alcohol oxidation of cellulose was developed. Cellulose pulp and Cladophora nanocellulose were oxidized in a one-pot procedure by Oxone® (2KHSO 5 $KHSO 4 $K 2 SO 4 ) and efficient reaction conditions were identified. The effects of the reaction on the morphology, viscosity and chemical structure of the products obtained were studied. The primary alcohol groups were oxidized to carboxyl groups and the content of carboxyl groups was determined by conductometric titration. SEM, capillary-type viscometry and XRD were applied to characterize the products and to investigate the influence of oxidation. For the first time, low-cost and stable Oxone® was used as a single oxidant to oxidize cellulose into carboxyl cellulose. The oxidation is an inexpensive and convenient process to produce carboxylic groups on the surface of the cellulose fibers and to make the cellulose fibers charged. Particularly, this method can avoid the use of halogens and potentially toxic radicals and constitute a green route to access carboxylated cellulose. Further, sodium bromide could be used as a co-oxidant to the Oxone® and increase the carboxylic acid content by 10-20%. The Oxone® oxidation is a promising method for oxidation of cellulose and might facilitate the production of CNC.
Introduction
Cellulose is a renewable, sustainable and highly abundant polymer. It is biodegradable, non-petroleum based, has little environmental impact, and is considered safe to animal and human health.
1,2 Oxidation of alcohol groups present in the cellulose to ketones, aldehydes and carboxylic acid derivatives is one of the most important modications of cellulose and has been studied for more than half a century. 3 Oxidized cellulose exhibits interesting properties, such as gelation, complexation, antiocculation, adhesion, as well as a number of biological effects, 4 which enrich the applications of cellulose manifold, including medical applications, adhesion-prevention 5 and wound-healing. 6 The selective oxidation of the primary alcohol groups of cellulose and its applications are some of the most active research areas in recent years, with numerous articles published. 7 In particular, the preparation of nanobrillated cellulose from various sources of cellulose by introduction of surface charges from carboxyl groups, which are commonly introduced by either carboxymethylation or 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) mediated oxidation, has led to a large number of applications.
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In 1994, TEMPO-mediated oxidation was rstly used to convert primary alcohol groups in polysaccharides to the corresponding polyuronic analogues by De Nooy et al. 12 and has been further developed foremost by Isogai and co-workers. 7, 13 In recent years, homologous compounds of TEMPO have also been developed for use as oxidants of cellulose, e.g. 2-azaadamantane N-oxyl (AZADO), 14 4-acetamido-TEMPO, 15 or phthalimide-N-oxyl (PINO). 16 Individual nanocellulose bers are produced by TEMPO-mediated oxidation and successive mild disintegration in water and during the process C6 alcohol groups are selectively oxidized. As useful as the TEMPO-mediated oxidation is, causing mild oxidation, low depolymerization, being mainly surface limited and charge introducing, there are still some possible drawbacks associated with the reaction. TEMPO might require stoichiometric amounts of halogen-containing cooxidants (TEMPO/NaBr/NaClO and TEMPO/NaClO/NaClO 2 oxidation systems) to mediate the oxidation reaction, 17 which should be avoided in industrial processes. 18 Halogen free TEMPO-based methods relying on electrochemical oxidation of TEMPO have been developed, which can obviate the use of halogen-containing co-oxidants. Another possible drawback of the TEMPO-mediated process is the risk of having trace amounts of reactive radicals in the product, which might limit the usefulness of the material in e.g. bioapplications.
19 Accessible, safe, green and low-cost reagents should be employed in the oxidation of cellulose. To meet the requirements of efficient and selective alcohol oxidation of cellulose, while avoiding the production of toxic side products and contamination of nal products, development of alternative selective oxidation methods to complement TEMPO-oxidation is desirable.
Oxone® is a commercial trade name for a stable triple salt (2KHSO 5 20 Oxone® has also been used for bleaching and delignication [25] [26] [27] of cellulose. To the best of our knowledge, there is no report regarding oxidation of cellulose employing Oxone® as the pivotal oxidant whereas the related oxidation using ammonium persulfate has been reported by Luong and co-workers. 28 However, the yields of CNCs produced in Luong's work are low, i.e. only 36% for wood pulp, which would inuence the method's usefulness in large-scale applications.
In this work, we investigated suitable reaction conditions for Oxone® oxidation of cellulose pulp and the effect of the oxidation on cellulose pulp and highly crystalline Cladophora nanocellulose. 29 The morphology, viscosity, degree of crystallinity, chemical structure and the content of carboxyl groups of oxidized products were studied with SEM, capillary-type viscometry, XRD, FTIR and 13 C NMR. Results of oxidations using Oxone® as the sole oxidant as well as Oxone® in combination with sodium bromide as co-oxidant are described.
Experimental

Materials
Never-dried cellulose pulp (Ib-rich cellulose) was supplied by Domsjö Fabrikerna AB,Örnsköldsvik, Sweden. Nanocellulose from Cladophora algae (Ia-rich cellulose) 30 was provided by FMC Biopolymer.
Oxone® (monopersulfate compound, 2KHSO 5 $KHSO 4 $K 2 SO 4 ), sodium bromide (NaBr) and other chemicals were of reagent or analytical grade and were used as received from commercial suppliers. Deionized water was used throughout all experiments.
Oxone® oxidation
Cellulose sample was dispersed in 100 mL of distilled water through high-energy ultrasonication for 12 min using a 30/30 s pulse and output power of 500 W (VibraCell 750 W, Sonics, U.S.A). The dispersion was transferred to a round-bottom ask and heated to specied temperatures under magnetic stirring in an oil bath. Oxone® and sodium bromide (when sodium bromide was used), were then added to the reaction ask, which was sealed by a stopper. At the specied time the reaction mixture was cooled in air and puried by three cycles of centrifugation/washing/redispersion with 10 mM hydrochloric acid solution, aer which samples were dried at 45 C in vacuum oven for >24 hours. Summarizing, the investigated materials were unmodied cellulose pulp (u-CP), unmodied Cladophora cellulose (u-CC), cellulose pulp oxidized without sodium bromide (o-CP) and with it (o-CP-Br) as well as Cladophora cellulose oxidized without sodium bromide (o-CC) and with it (o-CC-Br). The yields of o-CP, o-CP-Br, o-CC and o-CC-Br were 79%, 85%, 70% and 83%, respectively.
Conductometric titration
The carboxylic group content was determined by conductometric titration 18 using a Mettler Toledo T90 titrator. The cellulose sample (100 mg) was dispersed in 60 mL 1 mM NaCl(aq) through high-energy ultrasonication and then purged with N 2 for at least 20 min to remove dissolved gases. Before the titration, the pH of the dispersion was adjusted to <2.8 with concentrated hydrochloric acid under nitrogen atmosphere. NaOH (50 mM, aq) was used as titrant and added at a rate of 0.01 mL min À1 throughout the titration process. The content of carboxylic acid was calculated by making linear ts to the linear regions (corresponding to strong acid and base) and the plateau region (corresponding to weak acid, i.e., carboxylic acid) in the conductivity vs. titrant volume curves.
Oxime formation and determination of total aldehyde and ketone content by CHN elemental analysis
According to a previously published procedure, 31 samples were subjected to Schiff base reactions with hydroxylamine, converting any aldehydes (C6 position) and/or ketones (C2 and C3 position) to oximes. In short, dried sample (50 mg) was added to 20 mL 0.01 M acetate buffer solution (pH 4.5), aer which 1.65 mL aqueous hydroxylamine solution (50 wt%) was added and the reaction was performed under magnetic stirring at room temperature for 24 h. The product was dialyzed for 7 days in water and then dried through freeze-drying. The product recovery was >91 wt% for all samples. CHN analysis was performed by Analytische Laboratorien (Lindlar, Germany).
Chlorite oxidation and determination of aldehyde content by conductometric titration
Aldehydes were oxidized to carboxylic acids according to a previously published method, 31 with minor modications. Briey, dried sample (500 mg) and 3.6 g sodium chlorite was added to 100 mL 0.01 M acetate buffer solution (pH 4.5), and the reaction was conducted under magnetic stirring for 24 h at 40 C. The product was dialyzed for 7 days in water and then dried through freeze-drying. The product recovery was >95 wt% for all samples. The carboxylic group content of samples was determined by conductometric titration according to the protocol above and the aldehyde content was calculated by subtracting the amount of carboxylic acid obtained before chlorite oxidation from the amount obtained aer chlorite oxidation.
Scanning electron microscopy (SEM)
SEM micrographs of all samples were performed with a LEO 1550 eld-emission SEM instrument (Zeiss, Germany). Samples were mounted on aluminum stubs by means of double-sided adhesive carbon tape and sputtered with Au/Pd to reduce charging effects.
X-ray diffraction
X-ray diffraction (XRD) diffractograms were recorded with a diffractometer having Bragg-Bretano geometry (Cu Ka radiation; l ¼ 1.54Å) (D5000, Siemens/Bruker, Germany). A crystallinity index CrI(XRD) of the cellulose and its derivatives was calculated using Segal's empirical equation.
32
CrIðXRDÞ
where CrI stands for crystallinity index of cellulose. I 22 represents the total peak diffraction intensity at 22 and I 18 is the peak diffraction intensity corresponding to the amorphous background at 18 .
Intrinsic viscosity
The intrinsic viscosity was measured for the samples according to the ASTM standard method D1795-96, 33 using an Ubbelohde viscometer (SI Analytics GmbH, Germany). Measurements were repeated ve times for each sample and all measurements were performed at 25.0 C. The experiments were recorded with a video camera and a digital timer for accurate timing. Intrinsic viscosities of the samples were calculated according to the ASTM standard method D1795-96.
Fourier transform infrared (FT-IR) spectroscopy
FT-IR spectra were recorded on a Tensor 27 FTIR spectrometer (Bruker, Germany C NMR spectra were recorded using a cross-polarization pulse sequence followed by proton decoupling during acquisition. Acquisition parameters included a 2.9 ms 1 H 90 pulse, 1200 ms contact time, 25 ms acquisition time, and 54 s recycle delay to allow for complete thermal equilibrium. Two crystallinity indices C4 CrI(NMR) and C6 CrI(NMR) were calculated according to a previously published method, 34 by integrating the signals at 86-92 (A) and 80-86 ppm (B) for C4 CrI(NMR) and for 68-63 (A) and 63-58 ppm (B) for C6 CrI(NMR) and applying eqn (2) .
Results and discussion
Effect of reaction conditions
In order to nd suitable oxidation conditions for achieving high carboxyl content and to improve the oxidation efficiency for cellulose pulp, several reaction parameters were screened including reaction time, amount of oxidant (Oxone®), cellulose concentration and temperature. Suitable oxidation conditions obtained for cellulose pulp were also applied to Cladophora nanocellulose.
During the screening of oxidation conditions, the following conditions were chosen as starting points based on a rough rst screen: the reaction time was 24 hours, amount of Oxone® was 1.2 equiv., concentration of cellulose was 0.625 wt% in the reaction solution and the temperature was 80 C. When one parameter was altered, the other parameters were xed. The effects of these reaction parameters on the carboxylic acid content of cellulose are presented in Fig. 1 . Fig. 1a and d show that carboxylic acid content of cellulose was moderately affected by prolonging the reaction time or increasing the reaction temperature under these conditions. The small inuence of oxidation time and temperature on the carboxylic acid content might be due to the low oxidation efficiency under these conditions. The lowest carboxylic acid content (83 mmol g À1 , which was close to the value of original cellulose pulp, 77 mmol g À1 ) was obtained at the lowest investigated reaction temperature (2 C), which indicates that heating was benecial for the oxidation reaction. Aer increasing the amount of Oxone® and the concentration of cellulose pulp, signicant increase of the carboxylic acid content was obtained (see Fig. 1b and c). However, employing amounts of Oxone® exceeding 2.4 equivalents provided little effect on the carboxylic acid content. The highest value of carboxylic acid content (336 mmol g
À1
) of cellulose pulp was observed when the concentration of cellulose pulp was increased to 5 wt%. As the viscosity of 5 wt% Cladophora cellulose was too high to achieve efficient stirring during the reaction, 2 wt% of cellulose was selected as concentration for the following experiments to make a reasonable comparison for different sources of cellulose. Based on the results presented in Fig. 1 and the former experiments, the following conditions were selected for further studies: a reaction time of 24 hours, 2.4 equiv. of Oxone®, 2 wt% of cellulose and a reaction temperature of 80 C. 
Effect of pH
Oxone® oxidation of cellulose pulp was conducted in buffered solutions of different pH and the obtained carboxylic acid content of cellulose pulp produced is presented in Fig. 2 . For experiments at pH 4, 5 and 6, acetate buffer solutions were used, while phosphate buffer solutions were employed in experiments at pH 7 and 8 and bicarbonate buffer solutions at pH 9 and 10. For the oxidation performed in distilled water, where a nal pH of 1.8 was detected, a signicantly higher carboxylic acid content was obtained, which demonstrated that the oxidation efficiency was higher when the reaction was carried out at lower pH in the absence of buffer.
Physical-chemical characterization
To determine the aldehyde content, aldehydes were oxidized to carboxylic acids by employing sodium chlorite. The aldehyde content was calculated as the difference between the carboxylic acid content before and aer the oxidation with sodium chlorite. As seen in Table 1 , small amounts of aldehyde were present in samples o-CP and o-CC. In order to improve the oxidation efficiency for the transformation of alcohols to carboxylic acids, sodium bromide was introduced into the Oxone® oxidation system. 24 The data in Table 1 shows that the samples produced in the presence of sodium bromide provide a 10-20% increase in carboxylic acid content. As can be seen from the results presented in Table 1 Oxone® seem to partly also oxidize the C2 and/or C3 hydroxyl groups providing ketones.
SEM
Oxone® oxidation not only transformed the primary hydroxyl groups to carboxylate groups, but also inuenced the morphology of the materials, which may be caused by the acidic conditions during oxidation. The morphology of cellulose pulp and Cladophora nanocellulose and their corresponding oxidized products are shown in Fig. 3 and 4 . Morphological changes induced by the oxidation process could be observed: Cladophora cellulose was shaped into sheets of cellulose, and cellulose pulp was shaped into irregular small pieces. The addition of the cooxidant NaBr did not affect the morphology as compared to the use of Oxone® alone according to SEM images. Particularly, aer oxidation, Cladophora cellulose became more compact, referring to Fig. 4e and f compared to Fig. 4d . Interestingly, some small pores could be found in Fig. 3c and 4c (cellulose pulp oxidized by Oxone® with NaBr), which might be caused by evolving bromine gas produced during the oxidation. Hua et al. observed that the surface area and pore sizes decreased and the compactness of Cladophora increased during TEMPO-mediated oxidation as the degree of carboxylation increased. 35 The SEM micrographs presented here indicate that oxidation proceeded here too.
X-ray diffraction
XRD was used to characterize the effects of oxidation on the crystallinity of the cellulose samples. The XRD diffractograms of samples presented in Fig. 5 and Table 1 provides the crystallinity index (CrI) of the samples. The diffractograms of samples for unmodied cellulose and oxidized cellulose appear to be almost identical, which demonstrates that the oxidative process has little inuence on the crystallinity. The unaffected crystallinity is a strong indication that the Oxone® oxidation did not affect the ring structure of the glucose units as e.g. periodate oxidation does. [36] [37] [38] The CrI for o-CP decreases marginally aer oxidation as compared to the sonicated unoxidized samples, and the products oxidized with sodium bromide (o-CP-Br) show some marginal decrease compared to o-CP, which might be a result of the participation of bromine and its damage on the structure of cellulose during the reaction. The CrI for Cladophora cellulose samples was not affected at all; neither by pure Oxone® oxidation nor by Oxone®/NaBr oxidation. The unaffected crystallinity of the cellulose indicates that the crystalline core of the bers is not inuenced by the Oxone® oxidation and that it is limited to the surface of bers.
Intrinsic viscosity
To evaluate whether any depolymerization occurred during oxidation, the intrinsic viscosity of the samples was determined. Measurements were conducted before and aer oxidation with and without sodium bromide. The alkaline bis(ethylenediamine) copper(II) hydroxide solvent which was used during the process of sample dissolution and measurement may cause degradation of the cellulose through b-elimination if aldehydes and/or ketones, are present. 39 However, in the work by Carlsson et al., 18 it was reported that the effect of b-elimination was negligible during the course of dissolution and measurements, for low content of aldehydes and/or ketones in the cellulose.
The intrinsic viscosity results are presented in Table 1 . It was obvious that Oxone® oxidation drastically decreased the viscosity of cellulose pulp, while the viscosity of oxidized Cladophora cellulose decreased somewhat more moderately. The lower decrease for Cladophora cellulose corresponding to a lower extent of depolymerization may be due to the higher crystallinity of original Cladophora cellulose hindering the contact between the oxidant and the cellulose. Aer completion of the oxidation reaction, the pH of the reaction solution was below 2, where hydrolysis and depolymerization of cellulose might be induced and result in samples with low viscosity. On the course of the oxidation reactions, it was noticed that the viscosity of the reaction mixtures decreased.
FTIR spectroscopy
The FTIR spectra of samples are shown in Fig. 6 . Some effects of the Oxone® oxidation can be observed. The most obvious effect is the appearance of a C]O stretching band at 1732 cm À1 assigned to the carbonyl group, 4 indicating the oxidation reaction occurred successfully. In Fig. 6b , aer normalization with respect to the C-H stretching vibration at 2897 cm À1 ,
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a stronger absorbance peak could be found when the cellulose samples were oxidized with the help of sodium bromide (comparing curve II to III and V to VI, respectively), which demonstrates that sodium bromide improves the efficiency of Oxone® oxidation.
Selectivity of Oxone® oxidation according to solid-state CP/ MAS 13 C NMR spectroscopy
The CP/MAS 13 C NMR spectra of cellulose pulp and of Cladophora cellulose and their Oxone® oxidized derivatives are presented in Fig. 7a and b . As can be seen in these spectra there seemed to be very small differences between the different samples and the Oxone® did not appear to affect the bulk material. These observations were further supported by the calculated CrI(NMR)-values 34 presented in Table 1 . According to the CrI(NMR) the crystallinity of the materials was only slightly affected by the Oxone® oxidation and increased moderately aer Oxone® oxidation. The results are in sharp contrast to the results obtained during periodate oxidation of cellulose, which induce drastic lowering of the CrI(NMR) as the ring opening disrupts the crystallinity of the cellulose. 36 The CrI(NMR) data presented indicated that the Oxone® oxidation was primarily affecting the amorphous parts of the cellulose pulp and that it was predominantly conned to the surface of the cellulose bers for Cladophora cellulose.
Deconvolution of the C6-region of the pulp derivatives is presented in Fig. 8 and shows that the crystallinity of the C6 (C6 CrI(NMR)) increased at increasing levels of oxidation, from 35% for u-CP to 43% for o-CP and further to 45% for the o-CP-Br (Table 1 and Fig. 9a ). These results indicate that the C6 was particularly affected by the Oxone® oxidation whereas the cellulose as a whole was not affected based on the C4 CrI(NMR) and CrI(XRD) results presented in Table 1 . These results are in accordance with the results published by Vignon and coworkers for TEMPO-mediated oxidation of different celluloses. 41 Thus, there are strong indications that the Oxone® primarily oxidized the accessible C6 hydroxyl groups of the cellulose pulp. It is also possible that the C1 reducing end groups, generated as a result of cellulose degradation and detected in the viscosity measurements as lower degree of polymerization, can be oxidized resulting in C1 carboxyl groups. For the highly crystalline Cladophora the effect was not as pronounced as for the pulp and both the crystallinity of C6 and C4 increased during the oxidation of the material (Fig. 9b) . Interestingly, the same trend was observed when Cladophora cellulose was subjected to TEMPO-mediated oxidation, where the C6 CrI(NMR) increased from 82% for u-CC to 86% for TEMPO-oxidized Cladophora cellulose with a carboxylic acid content of 0.6 mmol per g of cellulose with a concomitant increase in C4 CrI(NMR) from 82% to 89%.
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Selective methods for oxidation of cellulose are rare. Periodate oxidation is selective to oxidation of the vicinal C2 and C3 hydroxyl groups and provides 2,3-dialdehyde cellulose (DAC) with concomitant glucose ring opening via cleavage of C2-C3 bond. TEMPO-mediated oxidation is selective towards oxidation of accessible C6 primary alcohols and introduces charge to the surface of the cellulose bers via formation of carboxylic acids. Ammonium persulfate was shown to preferentially oxidize the primary C6 alcohol. 28 Oxone® also seems to demonstrate similar selectivity to ammonium persulfate and TEMPOmediated oxidations and provides a viable alternative for C6 oxidation and possibly to some extent also C1 oxidation where CNC is the desired product.
Mechanism of oxidation
A plausible reaction mechanism for the Oxone® cellulose oxidation is depicted in Scheme 1. In the scheme, we propose two reaction routes, one with NaBr and the other without NaBr as cooxidant. The results of determination of aldehydes and ketones supported the formation of aldehydes during the oxidation. Further, the reddish-brown color of the reaction mixture, when sodium bromide was used as co-oxidant, indicates the formation of bromine during the oxidation. Moriyama et al. 42 reported a similar plausible reaction mechanism for the oxidation of alcohols with Oxone® using potassium bromide as co-oxidant. Koo et al. 24 and Raghavan et al. 43 have reported formation of hypobromous acid as product of peroxymonosulfate oxidation of bromide ions.
The Oxone® oxidation described in this work provides a novel route to access C6-carboxylate cellulose. The method is convenient and relies on a non-toxic and low-cost bulk chemical, which is widely commercially available and easy to handle. A possible drawback of the method is the depolymerization of the cellulose material during oxidation, which is more profound for celluloses of lower crystallinity e.g. cellulose pulp. Hence, the Oxone® oxidation method described herein is probably best suited for production of CNC.
Conclusions
A novel route for the oxidation of cellulose with Oxone® as the single oxidant has been reported for the rst time. Efficient onepot Oxone® oxidation conditions were obtained by screening experiments conducted on cellulose pulp (Ib-rich cellulose) and the nal selected conditions were also applied to Cladophora cellulose (Ia-rich cellulose). SEM, XRD and capillary-type viscometry were applied to characterize the process of the oxidation. Further, FTIR and solid-state CP/MAS 13 C NMR indicate that the C6-hydroxyl group was preferentially oxidized. The content of carboxylic acid groups was measured by conductometric titration. The oxidation method is a green, convenient and low-cost process to obtain carboxylate cellulose and charged cellulose bers. The effect of sodium bromide on the Oxone® oxidation was also investigated. The Oxone® oxidation might have some limitations such as inducing depolymerization, but it might on the other hand be desirable for production of CNC. Oxone can be suitable for oxidizing highly crystalline cellulose like Cladophora cellulose, which is not as prone to depolymerization.
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